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Abstract
This study tests the hypothesis that abnormal motion displacement thresholds coexist with scotomas on a finer spatial scale than
is measurable by conventional Humphrey perimetry. Eighteen patients with primary open angle glaucoma in one eye, and 18 age
matched normal controls underwent motion displacement threshold testing and high spatial resolution perimetry. The motion
displacement thresholds were significantly elevated in the glaucoma eyes, in 73% this exceeded normal limits. Ten glaucoma eyes
had normal Humphrey 24-2 field nearest the motion test site: of these seven had abnormally elevated motion displacement
thresholds and six had fine scale threshold depressions detected with high spatial resolution perimetry. This result suggests that
glaucomatous elevations of motion displacement threshold may be present in areas of normal Humphrey 24-2 field, and this may
coexist with measurable scotomas beyond the resolution of conventional Humphrey perimetry in some, but not all patients.
© 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Histological evidence has shown that a substantial
number of retinal ganglion cell axons may be lost in
glaucoma before a visual field defect can be detected
using conventional methods of both manual and full
threshold automated perimetry [1,2].
This finding has prompted the search for more sensi-
tive tests of early glaucomatous visual damage. A vari-
ety of functional deficits have been identified in early
glaucoma using psychophysical tests to isolate a partic-
ular aspect of visual function. Differences between nor-
mals and glaucoma patients have been reported in short
wavelength sensitivity using short wavelength auto-
mated perimetry [3–5], temporal sensitivity using flicker
and temporal modulation perimetry [6–8], visual reso-
lution using high-pass resolution perimetry [9], and
motion perception [10–19]. This evidence supports the
suggestion that tests that isolate one particular function
may identify the earliest losses, because other spared
visual systems are prevented from compensating for
those compromised in glaucoma (Section 4).
We have previously used a line displacement test to
show that motion displacement thresholds (MDTs) are
significantly elevated in glaucoma [10,11,20]. Experi-
mental work in primates has shown that the perception
of line displacement motion is primarily a function of
magnocellular ganglion cells [21,22]. This is consistent
with evidence from other studies that the magnocellular
system is primarily responsible for the perception of
motion [23,24], although recent work by Merigan and
colleagues suggests that this may be an oversimplifica-
tion [25].
Other investigators have used random dot kine-
tograms to test motion perception. Initial studies used
random dot kinetograms to simultaneously test large
areas of the central visual field, and have reported
significantly elevated coherence thresholds in glaucoma
patients [12,16]. One criticism of this type of testing is
that it may perform poorly in patients with early focal
scotomas [18]. Graham and colleagues recently reported
that random dot kinetogram testing of motion coher-
ence thresholds of the central field performed little* Corresponding author. Fax: 44 171 6086834.
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better than chance in identifying patients with early
focal glaucomatous field defects [26]. This finding sup-
ports previous work by Bullimore and colleagues, who
found that random dot kinetogram testing of coherence
thresholds and maximum displacement thresholds did
not discriminate between patients and controls. Instead
they reported better results using smaller field sizes to
measure minimum displacement thresholds, which were
elevated outside the normal range in 10 of 15 glaucoma
patients.
Wall and colleagues have used random dot kine-
tograms to test focal areas of field, and have reported
early motion losses in glaucoma [17]. Recently
Bosworth and colleagues performed focal random dot
kinetogram testing on 14 patients, and were able to
show that motion coherence thresholds were signifi-
cantly poorer in areas of known visual field loss com-
pared to eccentrically matched areas of relative field
sparing [18]. However they did not comment on whether
coherence thresholds in areas of relative field sparing
differed from controls. One limitation of random dot
kinetograms is the inherently low spatial resolution of
the test, which is limited by the size of the smallest area
that can be tested. In the test described by Bosworth
and colleagues, the size of the test region was 7.4°,
which may encompass one, two, or up to four points on
the standard Humphrey test. An alternative approach
we have taken is to use line stimuli to measure motion
displacement thresholds. The higher spatial resolution
of a line stimulus has the advantage of making it
possible to evaluate small localized regions of field.
We have previously used a line displacement test to
demonstrate elevated motion displacement thresholds in
glaucoma [10,11,20]. This test has also identified ele-
vated motion displacement thresholds in glaucoma in
areas of normal Humphrey 24-2 visual field, which
correspond in location to nerve fiber layer defects [10].
These findings have been confirmed by other workers
using both line displacement tests [15] and random dot
kinetograms [17,19].
In addition, we have shown that elevated motion
displacement thresholds, as measured by a line displace-
ment test, can predict the future development of conven-
tional visual field loss at the same locality in normal
tension glaucoma patients [27]. Elevated motion dis-
placement thresholds have also been correlated with
glaucomatous optic disc changes in ocular hypertensive
patients, before scotomata can be detected using con-
ventional visual field assessment [14].
Although there is considerable evidence that abnor-
mal motion sensitivity can be identified in areas of
normal Humphrey 24-2 field, there may be field
threshold losses on a finer scale than can be measured
by the spacing of the test locations on the Humphrey
24-2. This raises the question of whether motion abnor-
malities coexist with fine scale depressions of Humphrey
threshold, which may not be identifiable with conven-
tional Humphrey field testing.
The aim of this study is to test the hypothesis that
elevated motion displacement thresholds coexist with
fine scale depressions of Humphrey threshold, which
may predate the appearance of scotomas detected with
conventional perimetry.
Previous investigators have used high spatial resolu-
tion perimetry to identify fine scale scotomas in appar-
ently normal areas of the field on the Humphrey 24-2,
although these results were not examined in the context
of other psychophysical abnormalities [28,29].
We have carried out high spatial resolution perimetry
using a technique we have previously used in the study
of number of diseases [30–33].
2. Methods
2.1. Subjects
The study was approved by the Moorfields Hospital
Ethics Committee and followed the tenets of the Decla-
ration of Helsinki. After informed consent was ob-
tained, 18 primary open angle glaucoma (POAG)
patients and 18 normal controls agreed to participate in
the study.
Patients with an established diagnosis of POAG were
prospectively recruited for this study if they had at least
two Humphrey 24-2 fields with a localized glaucoma-
tous visual field defect in one eye, and a normal
Humphrey HFA 24-2 field in the fellow eye. To define
a scotoma we used the pattern deviation plot on the
Humphrey 24-2, according to a cluster definition used in
a number of previous studies [17,26]. A scotoma re-
quired a minimum cluster of three adjacent points
depressed on the pattern deviation plot at the PB0.02
level (or at least 5 dB), with one of the points depressed
at the PB0.01 level (or at least 10 dB); or two adjacent
points depressed PB0.01 level (or at least 10 dB). In
addition, the selection criteria included that the cluster
of abnormal points could not cross the horizontal
meridian.
All fields had to meet standard reliability criteria of
B20% fixation losses, B33% false negatives, B33%
false positives. All patients had documented evidence of
an intra-ocular pressure \21 mm Hg. on at least one
occasion in the glaucoma eye with glaucomatous optic
disc cupping characterized by a vertical cup:disc ratio
]0.6, or cup disc asymmetry between the two eyes of
greater than 0.2.
Fifteen out of eighteen glaucomatous eyes, and 10:18
of the glaucoma suspect fellow eyes were being treated
with topical antihypertensives. Patients currently using
miotics were excluded, as were patients with significant
ocular pathology other than glaucoma or evidence of
secondary glaucoma.
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Suitably age matched controls were recruited if they
had no significant ocular history, had a normal ocular
examination with an IOP less than 21 mmHg and had
normal Humphrey HFA 24-2 fields, with no identifiable
clusters of depressed points according to the above
definition.
The mean Humphrey 24-2 MD for the glaucoma eyes
was 5.892.5 dB, range 11.1 to 3.0 dB, which
was significantly different (PB0.0001) from the glau-
coma suspect eyes (mean MD 1.791.7 dB, range
4.2 to 1.3 dB) and the controls (mean MD 
0.591.3 dB, range 2.7 to 2.5 dB). The mean MD
of the glaucoma suspect eyes was not statistically differ-
ent from the control mean MD. A brief description of
the site of the field defects on the Humphrey 24-2 fields
of the glaucoma eyes is given Table 1. In summary,
eight of 18 glaucoma eyes had scotomas involving the
Humphrey test locations closest to the MDT test site,
whilst the remaining ten glaucoma eyes had no scoto-
mas extending to those test locations closest to the
MDT test site.
The mean age of the 18 patients was 59.7912.2
years, with a range 30.6–78.8 years. The mean age of
the 18 controls was 57.8911.5 years, with a range of
31.3–74.9 years. This difference was not statistically
significant (P0.63).
All patients and controls had a corrected visual acu-
ity in both eyes of ]6:9 achieved with less than 94
dioptres spherical equivalent and less than two dioptres
of astigmatism.
2.2. Motion displacement testing
We measured motion displacement thresholds using a
single line displacement test presented at 15° eccentric-
ity in the superotemporal field. This site was chosen as
previous results have identified significantly elevated
motion displacement thresholds at this location in glau-
coma patients [10,11]. This location also corresponds to
an area of retina which is a common site of glaucoma-
tous retinal nerve fiber layer defects, and we have
previously reported that these defects can be associated
with elevated motion displacement thresholds, even in
areas of normal Humphrey 24-2 visual field [10].
The MDT test is performed using a computer gener-
ated 2° by 2 min line stimulus presented on a green
phosphor screen. The stimulus was presented in the
superotemporal field at 15° eccentricity on the 30°
meridian. The stimulus undergoes brief lateral displace-
ments from 0 to 18 min of arc and the subject is
instructed to press a response button when movement is
seen. All subjects were given a suitable instruction
period and then underwent a test which consisted of ten
presentations each of ten different displacements in 2
min arc intervals from 0 to 18 min of arc presented in
a random order. The subject was observed for the
duration of the test by the experimenter to ensure
reliable fixation throughout the test. Frequency-of-see-
ing curves were generated, and the data were fit by
probit analysis. The motion displacement threshold
(MDT) was taken as the displacement corresponding to
a 50% frequency-of-seeing of the fitted curve.
2.3. High spatial resolution perimetry
High spatial resolution perimetry (HSRP) was per-
formed in the same region of the superotemporal field
by measuring the Humphrey visual field thresholds
across a 1010 matrix of 100 Humphrey test locations
separated by 1°. The site of motion displacement testing
falls within this area (Fig. 1(a)). To perform high
spatial resolution perimetry we used the ‘custom grid’
program of the Humphrey to define four custom test
programs, each consisting of five by five locations sepa-
rated by 2°, with the coordinates of each custom test
program offset to the other by 1° in the x, y, or x- and
y-axis. The four custom test programs were applied in
succession in a randomized order using target size III
on a standard Humphrey bowl illumination of 31.5
apostilbs. Each custom test program lasts approxi-
mately 4–5 min with a standardized rest between pro-
grams of 2 min. Accuracy of fixation is monitored in
the same way as conventional perimetry.
Custom software was used to merge the custom test
programs to generate a single fine matrix map of the
thresholds of 100 test locations separated by 1 degree
covering an area of 99° and extending from
Humphrey coordinates 7x, 7y to 16x, 16y (for a Right
Eye).
The high spatial resolution perimetry was performed
without near correction, as the refraction at this eccen-
tricity is difficult to ascertain and near correction could
induce prismatic and edge effects which would be
difficult to standardize during the test procedure. How-
ever the distribution of refractive errors were closely
comparable between the glaucoma and control eyes
Table 1
Description of type of glaucomatous field defect on entry Humphrey
24-2 of glaucoma eyes
Type of glaucomatous field loss on entry Humphrey 24-2 Eyes
fields of 18 glaucoma eyes
1Superior scotoma involving locations closest to MDT test
site. Normal inferior hemifield
Superior scotoma not involving locations closest to MDT 3
test site. Normal inferior hemifield
Inferior scotoma. Normal superior hemifield with normal 5
thresholds closest to MDT site
2Inferior scotoma and superior hemifield scotoma not
involving locations closest to MDT test site
7Inferior scotoma and superior hemifield scotoma involving
locations closest to MDT test site
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Fig. 1. (a) Humphrey 24-2 from a glaucoma subject showing inferior arcuate scotoma. Arrow indicates site of motion testing within area of normal
Humphrey 24-2 field, overlapped by site of high spatial resolution perimetry (box). (b) Abnormal HSRP matrix map: elevations represent area
of depressed thresholds. (c) Motion frequency-of-seeing curve shows grossly abnormal motion response.
tested: the median distance refraction (spherical equiva-
lent) of the control eyes was 0 dioptres, range: 1.75
to 2.13 D, and for glaucoma eyes 0 D, range: 2.13
to 2.00 D. We have previously shown that at such
low degrees of refractive error, the effect on threshold is
minimal [34].
We analyzed each subject’s fine matrix map by calcu-
lating the mean threshold sensitivity of the 100 test
locations. We derived an additional measure to describe
the uniformity of thresholds within each matrix map.
This uniformity index (UI) was calculated as the stan-
dard deviation (S.D.) of the threshold values.
In addition, spatial image processing of the HSRP
thresholds using a Gaussian filter was performed and
three dimensional surface plots were generated for dis-
play purposes (Fig. 1(b);Fig. 2(b); Fig. 3(b); Fig. 4(b)).
Patients underwent motion displacement threshold
testing and high spatial resolution testing in both eyes,
tested in a randomized order. Because of the well
known difficulties of assuming non independence of a
patient’s two eyes, only the data of the glaucoma eye
was included in the analysis. Therefore each patient
only contributed data from one eye (the glaucoma eye)
to the study. The controls underwent motion displace-
ment threshold testing and high spatial resolution in
one randomly chosen eye. All testing was performed at
a single session.
2.4. Statistical Analysis
All variables were tested for normality, and two
sample t-tests were used to identify significant differ-
ences between the glaucoma eyes and control eyes. For
variables that failed tests for normality and equivalence
of variances, we used the equivalent non-parametric
statistical tests. We set the level of statistical signifi-
cance at PB0.05.
3. Results
3.1. Motion Displacement Thresholds (MDTs)
We were able to record Motion Displacement
Thresholds in all 18 control eyes and 15:18 glaucoma
eyes. The remaining three glaucoma eyes had such
grossly impaired motion perception that the patients
did not perceive motion in any of the stimuli presented.
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Fig. 2. (a) Humphrey 24-2 from a glaucoma subject showing inferior arcuate scotoma. Arrow indicates site of motion testing within area of normal
Humphrey 24-2 field, overlapped by site of high spatial resolution perimetry (box). (b) Abnormal HSRP matrix map. Subtle elevations represent
areas of abnormally depressed thresholds. (c) Motion frequency-of-seeing curve shows dip at 10 min arc. The 50% seen threshold is 4.2 min arc,
within the control range.
All three of these eyes with an absent motion response
had a scotoma on the Humphrey 24-2 at the MDT test
location.
Table 2 shows the mean and S.D. of the MDTs by
group. Because the variances in the glaucoma eyes and
controls were dissimilar (Levene test for homogeneity
of variances PB0.05), a non-parametric Mann–Whit-
ney U-test was performed which showed a significant
elevation of the MDTs of the glaucoma eyes compared
to the controls (PB0.0001).
Fig. 5(a) shows the individual motion thresholds
within each group with the reference line indicating
mean 1.96 S.D. of the controls (9.2 min. arc).
Using this as a cut-off, 11:15 (73%) of the glaucoma
eyes had abnormally elevated MDTs above mean 
1.96 S.D. of the controls at the location tested. Only
5:15 (33%) of these eyes had a scotoma cluster on the
Humphrey 24-2 field involving the test locations closest
to the MDT site.
There were no controls with MDT thresholds above
the mean 1.96 S.D. of the control group.
3.2. High spatial resolution perimetry thresholds
Mean sensitivities for each fine matrix map were
calculated (Table 3). This mean sensitivity was signifi-
cantly lower in the glaucoma patients compared to the
controls (PB0.001, unpaired t-test).
The control group mean was found to be 27.9 dB.
We defined abnormal as 1.96 S.D. below this (23.5 dB).
Fig. 5(b) shows the individual matrix map mean
thresholds within each group, with the reference line
indicating this normal cut off. Using this cut-off, 13:18
of glaucoma patients had mean matrix thresholds be-
low this level.
We derived a ‘uniformity index’ (UI) to assess the
degree of uniformity of the matrix thresholds, which
was calculated as the S.D. of the matrix thresholds.
In normals, the threshold plots were flat, and as a
consequence the UIs were low. Areas of scotoma would
result in hills and valleys on the threshold plot, and
would give rise to a high UI. The UIs of the glaucoma
group were significantly higher than controls (P
0.0001, Mann–Whitney U-test) indicating greater spa-
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Fig. 3. (a) Humphrey 24-2 from a glaucoma subject showing superior arcuate scotoma. Arrow indicates site of motion testing within area of
normal Humphrey 24-2 field, overlapped by site of high spatial resolution perimetry (box). (b) HSRP matrix map is normal, with normal mean
threshold sensitivities, and uniform threshold profile (normal uniformity index). (c) Motion frequency-of-seeing curve shows grossly abnormal
motion response.
tial variability in the high spatial resolution thresholds
in the glaucoma patients. The control values for the UI
ranged from 1.3 to 2.5 dB, mean 1.8 dB, S.D. 0.33 dB.
We defined the UI as abnormal if it exceeded the
control mean1.96 S.D. (2.4 dB). Fig. 5(c) shows
the individual matrix map uniformity indices within
each group, with the reference line indicating this nor-
mal cut off.
Twelve of the 13 eyes previously identified as having
abnormally low mean matrix threshold had an abnor-
mal UI index. We identified one additional glaucoma
eye with an abnormal UI, in the presence of normal
mean threshold.
3.3. Comparison between abnormal motion displacement
thresholds and abnormal high spatial resolution
perimetry thresholds
Comparison between Fig. 5(a–c) shows a similar
degree of overlap between the control and glaucoma
eyes for both the MDTs, and the HSRP mean
threshold and uniformity indices. In the glaucoma eyes
we then investigated the coexistence of motion abnor-
malities with HSRP abnormalities in relation to the
presence or absence of scotoma on the Humphrey 24-2
at the test site.
Eight glaucoma eyes had scotomas on the Humphrey
24-2 field involving the test locations closest to the
MDT site. All were abnormal with high spatial resolu-
tion perimetry.
Of these eight glaucoma eyes, seven had abnormally
elevated MDTs.
The remaining ten glaucoma eyes had no scotomas
on the Humphrey 24-2 field which involved any of the
test locations closest to the MDT site. (Table 4). Six of
the ten eyes had abnormal High Spatial Resolution
Perimetry, and of these four had abnormally elevated
MDTs. An example is shown in Fig. 1(b), which shows
an abnormal HSRP matrix map (abnormally depressed
mean sensitivity and an abnormally high uniformity
index). This eye has an abnormally elevated motion
displacement threshold at the location tested (Fig. 1(c)).
Two glaucoma eyes had abnormal high spatial resolu-
tion perimetry, with normal MDTs (Fig. 2(a–c)).
Four of the ten eyes had normal High Spatial Reso-
lution Perimetry. Of these four eyes, we identified three
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Fig. 4. (a) Humphrey 24-2 from a normal control. Arrow indicates site of motion testing within area of normal Humphrey 24-2 field, overlapped
by site of high spatial resolution perimetry (box). (b) HSRP matrix map is normal with uniform luminance profile (mean threshold sensitivity and
uniformity index within control range). (c) Normal motion frequency-of-seeing curve with 50% seen threshold within control range.
with abnormally elevated MDTs. Thus these three eyes
had abnormal motion sensitivity in the presence of a
normal HSRP. An example is shown in Fig. 3(b), which
shows a normal HSRP matrix map (normal mean
sensitivity and a normal uniformity index) with a coex-
isting elevated MDT (Fig. 3(c)). For comparison, Fig.
4(a–c) show a normal HSRP matrix map and normal
MDT obtained from a control eye.
One glaucoma eye had normal high spatial resolution
perimetry and normal motion displacement thresholds
at the site tested.
For the controls, one out of eighteen eyes had abnor-
mally depressed HSRP mean threshold sensitivity of
22.8 dB, below our cut-off of 23.5, and 2.3 S.D. below
the control group mean. The subject’s motion tests and
Humphrey 24-2 were both normal. None of the remain-
ing controls had MDTs and HSRP outside the control
group mean92 S.D..
There was a statistically significant correlation be-
tween the motion thresholds and the mean high spatial
resolution perimetry matrix thresholds (PB0.0001,
r20.35) (Fig. 6).
4. Discussion
This aim of this study is to test the hypothesis that
abnormal motion displacement thresholds coexist with
scotomas on a finer scale than is measurable by conven-
tional Humphrey perimetry. We identified ten glaucoma
eyes with normal Humphrey 24-2 field nearest the MDT
test site. Of these seven had abnormally elevated motion
displacement thresholds and six had fine scale scotomas
detected with high spatial resolution perimetry. This
result suggests that glaucomatous elevations of motion
displacement threshold may be present in areas of
normal Humphrey 24-2 field, and this may coexist with
measurable scotomas beyond the resolution of conven-
tional Humphrey perimetry in some, but not all patients.
Table 2
Summary statistics for the motion detection thresholds (MDTs) by
group
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Fig. 5. Plots of individual values of MDT (a), HSRP matrix map
mean threshold (b) and HSRP matrix map uniformity index (c) for
controls and glaucoma eyes, with horizontal reference lines indicating
cut-off of mean1.96 S.D. of controls.
Table 3
Summary statistics of high resolution perimetry thresholds by group.
Matrix map meanGroup Matrix map uniformity
index (dB)threshold (dB)
Mean 1.8, S.D. 0.33 (rMean 27.9, S.D. 2.2 (rControls
22.8–30.5) 1.3–2.5)
Glaucoma Mean 21.6, S.D. 3.4 (r Mean 4.1, S.D. 2.25 (r
1.4–9.5)15.2–27.1)
try or high spatial resolution perimetry. Thus in some
patients motion sensitivity abnormalities occur in areas
of normal Humphrey field, in the absence of even the
smallest scotomas that we can practically detect using
the Humphrey automated perimeter.
In order to avoid artefacts due to the trial frame, we
elected to perform motion displacement testing and
high spatial resolution perimetry without near
correction.
Motion displacement thresholds have been shown
relatively unaffected by refractive errors [11,35], and the
subjects had low refractive errors. Refractive error
would be expected to globally suppress Humphrey field
threshold sensitivity [36]. The uniformity index (UI) we
used reflects focal threshold depression, which would
not be expected to be affected by refractive error.
Thirteen out of fourteen of the glaucoma eyes identified
as abnormal with the HSRP had an abnormal unifor-
mity index. Refractive changes would not be expected
to account for these localized threshold abnormalities,
as in general the effect of refractive error is to smear
out localized abnormalities.
One major hypothesis to account for the occurrence
of early abnormalities of motion perception before
conventional field defects is the ‘selective cell loss
hypothesis’.
Quigley and colleagues hypothesized that there is
selective damage to the larger diameter optic nerve
fibers in early glaucoma [37]. Since magnocellular cells
are associated with larger mean diameters, the ‘selective
loss hypothesis’ would imply a preferential loss of
magnocellular function. This has received support from
a number of histological studies [37–39].
We identified two glaucoma eyes with abnormal
HSRP in the presence of a normal motion displacement
threshold. Whilst it is possible that these defects may be
non-glaucomatous and secondary to other factors, we
were unable to identify this in our patients. Further
studies will be required to confirm this and to examine
for additional unrecognized factors which may be re-
sponsible for this. A further proportion of the glau-
coma patients (30%) had abnormal motion
displacement thresholds in areas of field with no de-
tectable scotomas, measured with conventional perime-
Table 4
Number of eyes with respective MDT and HSRP abnormalities, out
of ten glaucoma eyes that had no scotomas on the Humphrey 24-2







M.C. Westcott et al. : Vision Research 38 (1998) 3171–3180 3179
Fig. 6. Relationship between motion displacement threshold and
HSRP matrix map mean threshold. The MDTs are presented on a log
scale. The solid line represents the least-squares linear fit through the
data.
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